For experiments designed to investigate the effects of external expiratory resistance, a flow resistance was required which would remain constant regardless of changes in respiratory flow pattern and in the composition of the gases respired. It was hoped that an expiratory flow resistance based on the principle of breathing against the opposition of a column of water of known height would meet the requirement. In its simplest form such a resistance might consist of a wide bore tube inserted vertically, to a known depth, into water contained in a suitable vessel. The hydraulic pressure at the lower end of the tube would be equal to its depth. When breathing into it, this pressure would have to be generated before air could emerge from the lower end and bubble upwards through the water. Disturbances of water level due to large bubbles might be avoided by arrange ing for the dispersal of the air as it emerged, and by keeping the surface area and the total volume of the water large. In practice, however, measurement revealed that the pressures generated when breathing through such a device were not independent of respiratory flow pattern. It was found thar initially the pressure required before air would flow was greater than the hydraulic pressure at the lower end of the tube. It was also found that this initial pressure increased as ventilation increased. The effect was due to the need to expel the column of water contained within the tube before air could escape. Both the inertia of the column of water being expelled, and the fluid resistance between it and the inner surface of the tube, had to be overcome. The possibility of using nonreturn valves was considered but discarded.
Resistance to flow is measured in terms of pressure. Although, in a biological context, pressure is usually considered in terms of the pressure exerted by a column of mercury or of water, fundamentally pressure is measured in terms of force per unit area. Another basic approach to the problem, therefore, would be to interpose between the expiratory limb of a breathing circuit and the atmosphere a known weight resting upon and occluding an outlet of known area. Such a device is illustrated in figure 1 . The open tube projecting 290 FIG. 1 A prototype dead weight expiratory resistance. The dead weight is a hollow vertical cylinder containing water. It rests upon a circular knife edge and it is kept vertical by means of eight free-running wheels.
For further details see text horizontally from the base of the device is for connection to the expiratory limb of a breathing circuit. The other end of this tube has been connected to a wide circular outlet lying in a horizontal plane. The margin of the outlet has been machined into a circular knife edge, and upon this rests a hollow cylinder of slightly larger diameter. This cylinder may be filled with water to a depth which may be altered according to the expiratory pressure required. Eight free-running wheels rotating about horizontal axes are arranged around the cylinder in order to keep it vertical. Theoretically the pressure which must be generated in the expiratory circuit before air can escape through the outlet equals the weight of the cylinder divided by the surface area of the outlet, plus the pressure required to overcome the inertia of the cylinder, plus the pressure required to overcome the resistance to flow through the annular orifice between the outlet and the cylinder. The area of the orifice is given by the product of the height through which the cylinder is raised off the knife edge and the circumference of the outlet. Since the resistance to flow through an orifice varies with gas density it is desirable to keep this as small as possible by making the outlet large. This also reduces the height by which the cylinder is raised. Two such devices were constructed and used in breathing experiments. The first was made of perspex, its outlet diameter being 9.5 cm. The second, illustrated in figure 1, was made of duralumin except for the wheel bearings which were made of PTFE. The outlet diameter was 7.8 cm.
Both the perspex and the duralumin cylinders were 14 cm. high. These dead weight expiratory resistances had excellent characteristics for flow rates greater than about 30 l./min, but the expiratory resistance achieved at lower flows tended to be inadequate. This was due to the difficulty in adjusting the wheel bearings so that they neither pressed against the cylinder tightly enough to cause added friction nor were left slack enough to permit the cylinder to tilt slightly. In practice the latter usually occurred so that at low flows the cylinder tended to rest one edge upon the outlet while air escaped from the opposite side. These difficulties were overcome by reducing the size of the outlet so that the weight was lifted clear of the knife edge at lower flow rates, and by designing the dead weight in the form of a weighted, pivoted lever. This avoided the necessity for wheel bearings. The device finally constructed and used in the majority of the experiments is illustrated in figure 2 . The port shown   FIG. 2 The final form of dead weight resistance which was used in the majority of a series of breathing experiments. The dead weight is a weighted lever which terminates in a horizontal fiat plate. This rests upon and occludes a circular knife edge. A weight may be moved along the lever and its position governs the magnitude of the resistance offered. For further details see text.
projecting from the righthand side of the base is for connection to the expiratory limb of a breathing circuit Within the box it is connected by wide bore tube to the circular knife edge outlet which projects upward from the box. The lever terminates in a horizontal flat plate which rests upon and occludes the outlet. The plane of the outlet may be adjusted to coincide with the plane of the under surface of the plate by means of three screws. The force opposing escape of air from the outlet may be varied by adjusting the position of the weight along the arm of the lever. The orifice, the lever, the fulcrum and the adjustable weight are made of brass. The diameter of the knife edge is 2.7 cm. The length of the arm is 20 cm, the distance from the pivot to the centre of the plate being 15.3 cm.
With all three devices there is a tendency for the breathing system to oscillate at critical flow rates. This tendency can be reduced by using nonexpansile rather than corrugated tubing, and sometimes it can be avoided by slight adjustment of the opening pressure.
The weighted lever type of dead weight resistance has excellent characteristics and these are illustrated in the upper record of figure 3. The record should be read from right to left. The upper trace recorded the flow rate through a nonrebreathing circuit, the dead weight resistance being connected to the expiratory limb. The lower trace recorded the pressure within the breathing circuit On the right can be seen the effect of connecting a continuous flow generator to the system. It can be seen that no air flowed until a pressure of about 5 cm H.0 was reached and that this pressure then remained almost constant while the flow rate was increased slowly to 100 l./min and then reduced stepwise by decrements of 10 L/min. The time marker operated at 1-second intervals. The remainder of the trace shows the effect of breathing first slowly and then rapidly into the nonrebreathing circuit while varying the tidal volume and the peak expiratory flow rate. Again the expiratory resistance remained almost constant. The lower record shows the pressure developed when a water resistance was tested under comparable circumstances. The characteristics under steady flow conditions might be considered as acceptable, but the very high initial expiratory pressures developed while breathing into the system are well illustrated. By lining up a setsquare against the start of expiratory flow on this record, it can also
Fio. 3 A comparison of the pressure-flow characteristics of the weighted lever type of dead weight resistance and of a water resistance, as described in the text. In each record the upper trace indicates the flow rate into and out of a non-rebreathing circuit while the lower trace indicates the pressure within the circuit. The records should be read from right to left. Their significance is discussed in the text be seen that expiratory flow does not start until the high initial pressure has been reached. By completely enclosing the dead weight resistance within a suitable container, but leaving the port open to atmosphere and the container connected to the inspiratory limb of a breathing circuit, the device can be used as an inspiratory resistance.
SUMMARY
In order to investigate the effects of external resistance to expiration a flow resistance was required which would remain constant regardless of changes in respiratory flow pattern and in the composition of gases respired. A device was designed based upon the principle of occluding an outlet of known area by a known and constant weight. Its development and final construction are described. Its mode of operation and its characteristics are compared with those of "bubbler" devices designed for the same purpose. A "bubbler" consists essentially of a tube opening at a known depth under water. 
S0MMA1RE
Afin de diveloppcr la recherche concernant les effets d'une resistance externe a l'expiration, il fallait trouver un moyen d'empe'cher l'ecoulement de l'air qui restit constant et ne subit pas l'influence des changements occurant dans le diagramme d'ecoulement respiratoire et dans la composition des gaz respires. La conception d'un tel appareil fut fondee sur le principe de l'occlusion d'un orifice de section connue par un poids connu et constant. On pourra trouver la description du de'veloppement et de la construction finale de cet appareil. Sa maniere de fonctionner et ses caracte'ristiques sont comparables a celles des appareils a tubes de engagement concus dans le mfime but Un tube de de'gagement consiste essentiellement en un tube s'ouvrant sous l'eau a une profondeur connue. 
